In our paper published in [1] , the delay performance of cognitive radio networks for point-to-point and point-to-multipoint communications have been studied. In this report, additional numerical results are provided to give more insights into the impact of system parameters on the delay performance of the considered cognitive radio network scenarios.
Point-to-point communications
In the point-to-point scenario, we consider a system model as shown in Figure 1.1 in which a secondary transmitter (SU-Tx) sends packets to an SU-Rx under the peak interference power constraint of multiple primary receivers (PU-Rxs).
According to [1, Eq. (14) ], the packet transmission time can be expressed as
where Q pk , M , and N 0 are the peak interference power, the number of primary users (PUs), and the noise power, respectively. The symbols h 1 and g m denote the channel power gains for the SU-Tx→SU-Rx and SU-Tx→PU-Rx links, respectively. The term B is defined by B = L log e (2)/B with L and B being packet size and system bandwidth. Because of signal fading, the duration taken to transmit a packet may be long and the packet could be dropped due to timeout. Thus, a packet is considered as being successfully transmitted if and only if its transmission time T is smaller than a predefined timeout threshold t out , given by [1, Eq. (23)] T suc = {T |T < t out } (1.2)
Outage probability
A packet is considered as timed out if its transmission time is greater than or equal to a timeout threshold, T ≥ t out . Accordingly, the probability of a packet being in timeout for point-to-point communications can be calculated as [1, Eq. (22) ]
Average packet transmission time
Depending on the channel state and peak interference power constraint, the SU-Tx can transmit packets successfully or not. Generally, the average trans-mission time for a packet can be formulated as [1, Eq.(34) ]
where P out is calculated by (1. 3) and E[T suc ] can be expressed as [1, Eq.(29) ]
Queuing theoretical results
Assume that packets arrive at the SU-Tx buffer following a Poisson process with average arrival rate λ. Accordingly, the SU-Tx buffer can be modeled as an M/G/1 system with average waiting time of a packet, average number of packets waiting in the SU-Tx buffer, and stable condition for the secondary user (SU) communication given as follows:
• Average waiting time of a packet [1, Eq. (35) ]
• Figure 1 .2: Point-to-multipoint communication of the considered spectrum sharing system with multiple PUs and multiple SUs (solid line: communication from SU-Tx to surrounding SU-Rx; dashed line: interference from SU-Tx to surrounding PU-Rx).
Point-to-multipoint communications
In the point-to-multipoint scenario, a secondary base station (SBS) broadcasts common packets to N SU-Rx in its coverage range, as depicted in Figure 1 .2. Similar to the point-to-point communication, the SBS is subject to the peak interference power constraint of multiple PUs, and the packet transmission time with respect to the SU-Rx n is expressed as [1, Eq. (9)] T n B log e (1 + γ n )
, n = 1, 2, . . . , N (1.10)
where γ n is the signal-to-noise ratio (SNR) at the SU-Rx n .
Outage probability
According to [1, Eq. (38) ], the probability that k out of N SU-Rx cannot receive the common packets successfully, is calculated by
(1.11)
Successful transmission probability under best channel conditions
In this case, all SU-Rxs are able to receive the common packets successfully, and the successful transmission probability of this scenario is given by [ 
Chapter 2
Numerical Results
In this chapter, numerical results are provided to examine the performance of the considered cognitive radio networks for the point-to-point and point-tomultipoint communications. In particular, we first study the impact of the peak-interference-power-to-noise ratio (PIP) Q = Q pk /N 0 , packet size L, and the number of PUs M on the outage probability, average transmission time, and queuing characteristics of the point-to-point scenario. Then, numerical results for point-to-multipoint communications are presented. More specifically, the probability that k out of N SUs cannot receive the common packet successfully and the probability that the SBS transmits the common packet successfully under the best channel condition are examined. Without loss of generality, we can set system parameters as follows: System bandwidth B = 1 MHz and timeout threshold t out = 10 ms.
Point-to-point communications
In the sequel, we consider the impact of the PIP, the number of the PUs, and the packet size on the performance of an SU. can be explained by the fact that the PUs can tolerate more interference from the SU-Tx when the PIP is set to a high value. Accordingly, the SU-Tx can use higher power to increase its own transmission rate without causing harmful interference to any PU, and hence the time consumed for packet transmission is kept short. As a result, the outage performance is enhanced. On the other hand, for a fixed value of the PIP, e.g. Q = 1 dB, the SU-Tx transmit power is subject to more constraints as the number of PUs in the SU-Tx coverage range increases. This leads to a decrease of the SU-Tx transmit power, and hence the outage performance is degraded. Figure 2 .2 shows the outage probability as a function of the PIP, Q, for given packet size L = 1024, 2048 bits and the number of PUs M = 2, 4, 6. As can clearly be observed from the figure, the outage probability degrades significantly as the PIP increases to the high regime, e.g. Q > 3 dB. This happens due to the same reason explained above, i.e., increasing PIP, Q, leads to a decreasing of the packet transmission time, and hence the outage performance is improved. In addition, for a given number of active PUs in the coverage range of the SU-Tx, the outage performance of packets having relatively small size, e.g. L = 1024 bits, outperforms the one having larger size, e.g., L = 2048 bits. It is easy to understand that packets having smaller size consume shorter transmission time, thus the outage probability decreases. Specifically, the average packet transmission time reduces quite fast in the relative high PIP regime, Q > 4 dB. This can be explained by the same reason discussed above for the outage probability, i.e., the SU-Tx can transmit with high power as the PUs tolerates a high interference level. This leads to an increase of transmission rate, which in turn decreases the packet transmission time.
Outage probability

Average transmission time
The results depicted in Figure 2 .4 allow us to further examine the impact of the number of PUs and the packet size on the average transmission time of packets. It can be clearly seen that the number of active PUs in the coverage range of the SU-Tx has a significant influence on the average transmission time at low values of the PIP, Q = 5 dB and large packet size L = 2048 bits, and it increases quite fast with increasing M . In contrast, for higher values of the PIP and smaller packet size such as Q = 10 dB and L = 1024 bits, an increase of the number of the PUs only causes a slow increase of the average transmission time for M > 6. These results are consistent with the observations for the outage probability given in Figure 2 .1.
Queueing theoretical results
In the following, queuing characteristics of the SU-Tx under the peak interference power constraint [1, Eq.(4) ] are shown in Figures 2.5, 2.6, and 2.7. In particular, we have set the packet size L = 1024, 2048 bits and observe the average waiting time, average number of packets, and channel utilization for different values of average arrival rate. Figures 2.5 indicates that the average waiting time increases as the number of PUs, packet size and arrival rate increase. Clearly, these results are consistent with the observations for the outage probability and average transmission time and can be understood as follows. For a fixed value of the PIP, Q, an increasing number of PUs and packet size lead to an increase of average transmission time due to the same reason discussed above, and hence this causes an increase of average waiting time. Additionally, when the arrival rate of packets increases, the number of packets arriving at the buffer increases as well (see Figure 2 .6) and await transmission. On the other hand, the transmission rate is restricted due to the peak interference power constraint, and hence the packets have to wait a long time in the SU-Tx buffer before they are transmitted. bits, and arrival rate being λ = 50, 100 packets/s. The result reveals that for a given packet size L and fixed value of PIP Q, the channel utilization ρ = λ E[T ] for arrival rate λ = 50 packets/s is relative small. Furthermore, the channel utilization outperforms the results for λ = 100 packets/s. In other words, the significant lower channel utilization for λ = 50 packets/s compared to λ = 100 packets/s provides a more stable transmission with respect to the service rate µ in terms of the stable condition formulated in [1, Eq. (36) ]. For fixed values of packet size L and PIP Q, the service rate µ is restricted due to the transmit power constraint while a higher arrival rate leads to more packets arriving at the buffer, i.e., more packets expect to be transmitted timely. Therefore, the average arrival rate to average service rate ratio, relating to the stable transmission condition ρ = λ/µ < 1, must be carefully considered in order to not exceed the capacity of the secondary system. It can also be seen from the figure that in the high regime of the PIP and small packet size, e.g., Q ≥ 3 dB and L = 1024 bits, the stable transmission condition can be easily satisfied due to the sufficiently low channel utilization, ρ < 1. Clearly, we can see from the results that the probability of exactly k out of the N = 5 SU-Rx not being able to receive the common packet successfully decreases as k increases. Furthermore, the outage performance is enhanced as the value of Q increases and the packet size L decreases as expected. Figure 2 .9 shows the probability of all SU-Rx receiving the common packets successfully as a function of the PIP with the number of PUs fixed to M = 8 and the number of SUs given as N = 2, 3, 4. This scenario is known as the best channel condition as outlined in [1, Section 4.2] . We can see that in the high regime of the PIP Q ≥ 18 dB, the probability of the SBS transmitting the common packets successfully to all SUs is very high (above 0.925) for packets having small size L = 1024 bits, and is quite high (above 0.85) for packets having large size L = 4096 bits. The figure also indicates that the probability of successful transmission decreases with an increase of the number of SUs, N = 2, 3, 4. It may be conjectured that the SBS power is restricted by the interference constraint of the PUs, thus its communication range is restricted. On the other hand, when the number of SUs increases, some of them may be distributed far away from the SBS, and difficult to receive the common packet successfully. As a result, the successful transmission probability for the best channel condition is degraded.
Point-to-multipoint communications
